ABSTRACT. The Bayesian statistical method of the OxCal v 4.1 program is used to construct an age-depth model for a set of accelerator mass spectrometry (AMS) radiocarbon ages of organic debris collected from a late Holocene Dead Sea stratigraphic section (the Ein Feshkha Nature Reserve). The model is tested for a case where no prior earthquake information is applied and for a case where there is incorporation of known ages of 4 prominent historical earthquakes as chronological anchor points along the section. While the anchor-based model provided a tightly constrained age-depth regression, the "nonanchored" model still produces a correlation where most of the 68% or 95% age ranges of the 52 seismites can be correlated to historical earthquakes. This presents us with the opportunity for high-resolution paleoseismic analysis and comparison between various sites.
INTRODUCTION
Radiocarbon dating of terrestrial organic debris (assumed to have formed under atmospheric equilibrium) is a major tool for establishing chronologies of late Pleistocene and Holocene sedimentary sections for paleoseismology studies (Ken-Tor et al. 2001; Migowski et al. 2004; Lienkaemper and Bronk Ramsey 2009, and references therein) . With the development of the Northern Hemisphere 14 C calibration curve (Reimer et al. 2004) , it is possible to determine accurate ages with a precision of typically around 100-300 yr (95%) for single measurements for Holocene samples. However, in many cases, the determination of accurate chronology of a sedimentary sequence is hampered by lack of material for dating, recycling of the organic debris, diagenesis, hiatuses, and other factors (examples from the Dead Sea basin: Ken-Tor et al. 2001; Migowski et al. 2004; Neumann et al. 2007 ). These problems are partly eliminated by the construction of age-depth models that apply uniform sedimentation rates (linear regressions) for the studied sections. For more complex sedimentation patterns and to incorporate typical 14 C asymmetrical uncertainties, Bayesian techniques are useful when they also integrate prior information within the age-depth models (e.g. Bronk Ramsey 2008) . Prior information could comprise known ages of specific stratigraphic horizons in the studied section, textural composition of the sediments, changes in sedimentary facies, depositional boundaries, and others (see below). Here, we present a case study from the Dead Sea basin where we use historical earthquakes correlated with disturbed layers as prior-information anchors in an age-depth deposition model to improve and better constrain the regression-age model. This model will be used to retrieve a high-resolution paleoseismic record of the seismically active Dead Sea Transform area.
BAYESIAN AGE-DEPTH MODELING
The mathematical details of Bayesian modeling are explained in detail in the literature (e.g. Buck et al. 1991; D'Agostini 2003; Bronk Ramsey 2008) . The approach taken in this paper and the explanations here are largely based on what is laid out in Bronk and Blockley et al. (2008) . The age models for the Ein Feshkha site were built using the 14 C calibration software OxCal v 4.1 (Bronk Ramsey 1995 , and key terms will be explained here. Bayesian analysis uses prior information and suppositions when generating a model from any data set. This incorporation is usually termed the prior. The fundamental assumption in Bayesian modeling of stratigraphic sequences is that age increases with depth. This prior requires use of a function usually termed Boundaries. These boundaries separate different sedimentary units that may have different sedimentation rates, grain sizes, and facies. They are also placed on the top and bottom of the entire series to constrain the model to a specific timeframe. With no other information, this would be treated by what is usually termed the Sequence model. A uniform sedimentation rate would be treated with the U_Sequence type model. Depth and other dating information can be included in a less rigid way using Poisson distribution priors, termed P_Sequence models, where the time gap between deposition of grains varies, and the events are basically random; however, deposition is given approximate proportionality to depth. This entails the estimation of the uniformity of the deposition (given as the k parameter), which indicates the increment size (conceptually the grain size, or size of deposition events) and signifies the relationship between the events and the stratigraphic process.
All events in the sequence and therefore in the model are related to stratigraphic depths. The stages of modeling are as follows:
• Evaluate the sedimentary sequence, noting any depths where deposition characteristics clearly change.
• Identify the depths at which there are any obvious signs of earthquake activity in the sequence (appearance of seismites). • 14 C date samples through the sequence at specific depths. This provides constraints on the timing of deposition.
• Evaluate the expected uniformity of deposition. For example, if there is sediment of 100 cm thickness and the dates of the top and bottom of this sequence are known, with what uncertainty can you say that the point half-way down was deposited at the midpoint in time between the top and bottom? In this case, for a 5% uncertainty in this model (approximately Normally distributed), we choose a k value of 1 cm 1 , which corresponds to a nominal event size of 1 cm.
• Construct an age-depth model with Boundaries at the top, bottom, and at any depths where there is likely to have been a major deposition change.
• Decide at what resolution you need to interpolate the age-depth model. For an interpolation rate of 1 every 10 cm (or 0.1/cm), we use an interpolation parameter of 0.1, so in this case the model is set up with the P_Sequence command: P_Sequence("",1,0.1); • Run the age-depth model with the 14 C dating information as the only time control.
• Interpolate between the 14 C-dated points using the model, to determine a first estimate for the dates of each of the identified horizons.
• Decide whether any of the observed seismites can be confidently assigned to historically documented and dated earthquakes. If so, this information can be added to the model as anchors, and the model run again including this additional information.
• Interpolate between the ages and boundaries defined in the model to get final date probability distributions and ranges for all earthquake depths in the sequence.
As with any Bayesian model, the results of the analysis are dependent on the data that have been included and on all of the prior information supplied and assumptions that have been made. A comparison of the unanchored and anchored distributions (as shown in Figure 5) shows the degree to which the prior knowledge of the historical earthquake impacts on the model output (or posterior). It is also important to remember that the rigidity of the deposition model (as defined above and shown clearly in the interpolation between points in the right panel of Figure 5 ) is defined by the model and not by the data.
EIN FESHKHA SECTION OF NORTHERN DEAD SEA BASIN AND ITS PALEOSEISMIC RECORD
The sediments of the Holocene Dead Sea compose the Ze'elim Formation of the Dead Sea Group. This sedimentary sequence has been deposited within the Dead Sea rift valley that formed by slip along the Dead Sea Transform, an active tectonic boundary between the Arabian plate and the Sinai subplate (Figure 1 ). Destructive earthquakes occurring in the area during the past 4 millennia have been documented in catalogs (i.e. Ben-Menahem 1991; Ambraseys et al. 1994; Amiran et al. 1994; Guidoboni et al. 1994; Guidoboni and Comastri 2005) . The sediments represent various depositional environments: fluvial, fan deltas, shores, and lacustrine (see detailed description in Bookman [Ken-Tor] et al. 2004; Bookman et al. 2006) . The mainly anthropogenic decrease of the current lake level (~100 cm/yr) has triggered deep incisions along the retreating shores. These incised gullies have provided excellent opportunities to study the late Holocene sedimentary sections in detail. At the Ein Feshkha Nature Reserve (Figure 1) , new gullies were formed recently exposing the late Holocene section (spanning ~4000 to 600 yr BP; Neumann et al. 2007 ). The outcrop exposes the laminated lacustrine marls (mainly calcitic silts and clays) and sequences of laminated primary aragonite and fine detritus. Fifty-two layers in this normally laminated sequence display disturbed sedimentary features (Figure 2 ; details of the seismite sedimentary features are given in Kagan et al., forthcoming) . Based on previous studies of similar disturbed layers (Marco et al. 1996 ; Ken-Tor et al. 2001; Migowski et al. 2004) , it was proposed that the disturbed layers represent earthquake markers and thus are termed "seismites." The appearance of multiple types of seismites in the sedimentary section as well as the availability of numerous 14 C-datable organic debris afford the opportunity to retrieve a high-resolution paleoseismic record of this seismically active area. This record can be integrated with the chronology of historical earthquakes available for this region. At the same time, the best-known historical earthquakes can be used as anchors in Bayesian models to improve the 14 C chronology of the studied section.
C DATING OF THE SECTION AND INTRODUCTION OF BAYESIAN MODELING
The chronology of the Ein Feshkha (EFE) section is constructed by 14 C dating of terrestrial organic debris (mainly small pieces of wood and twigs). Six samples from the outcrop were prepared for 14 C dating at the 14 C laboratory at the Weizmann Institute, Rehovot, Israel (see Neumann et al. 2007) . The samples were then measured by accelerator mass spectrometry (AMS) at the NSF 14 C facility at the University of Arizona. Four additional organic debris samples were taken from a correlated drilled core located on the cliff bounding the gully (only a few meters away) and were analyzed at the AMS facility in Kiel. The core was correlated with the outcrop by Marcus Schwab at GFZ-Potsdam based on high-resolution stratigraphic correlation of sedimentary markers, which included unusually thick aragonite laminae, aragonite-clay laminated sequences, and deformed layers, and was aided by the unmodeled calibrated 14 C dates. 14 C ages are reported (Table 1) in conventional 14 C years (before present = 1950) in accordance with international convention (Stuiver and Polach 1977) . Calibrated ages (cal BP) were calculated by applying the IntCal04 calibration data (Reimer et al. 2004) by means of the OxCal v. 4.1 program (Bronk Ramsey 1995 (Figure 4 ).
The age-depth models that incorporate Bayesian modeling are constructed in several steps that are illustrated schematically in the flow chart of Figure 3 . The 14 C ages (listed in Table 1 ) are treated by a simple Bayesian P_Sequence deposition model. The model applies a k factor of 1 (which implies for the midpoint of a 1-m section a 5% uncertainty in interpolation, see Bronk Ramsey 2008 : Equa- tion 17A) ( Figure 5, left panel) . The next step embodies the interpolation of seismite ages using the OxCal v 4.1 program and the Bayesian model. This results in a model age range for each seismite depth (not shown). We then correlate the historically documented earthquake dates with the seismite model age ranges. This procedure is analogous to floating chronology matching, where the entire sequence of historical earthquakes is matched to the sequence of model ages of seismites from the section (e.g. Migowski et al. 2004) . However, in this case both data sets are time constrained, the historical record has negligible uncertainty in the ages of the earthquakes in the past 2 millennia, and the seismite age uncertainties are given by the model age ranges. Relative historically documented intensities, interseismic intervals, and other seismicity parameters are taken into consideration when various historical earthquakes can be fit to the same seismites. Then, prominent earthquakes in the historical record were selected as anchor points. These anchors were inserted into the OxCal v 4.1 model code as specific calendar ages (function termed C_Date). We then reiterate the model using the anchors ( Figure 5, right panel) . In the final step, we can reinterpolate all seismite depths from the new anchored model to extract high-resolution model ages for all seismites. 
INCORPORATION OF EARTHQUAKE ANCHORS TO THE BAYESIAN MODEL
Fifty-two ages of seismite horizons were interpolated from the non-anchored Bayesian model of the Ein Feshkha outcrop that is presented in Figure 5 , left panel. The calendar age of each seismite is limited by the model age range interpolated from the non-anchored model. The chronology of historical earthquakes (i.e. Ben-Menahem 1991; Ambraseys et al. 1994; Amiran et al. 1994; Guidoboni et al. 1994; Guidoboni and Comastri 2005) was then matched to the non-anchored Bayesian model of the Ein Feshkha section.
Four seismite ages were selected according to the following criteria: 1) their historical match represents prominent earthquakes in the historical catalogues; 2) they are identified in other sections of the Dead Sea basin (Ken-Tor et al. 2001; Migowski et al. 2004) ; 3) they are very close to 14 C age samples; and 4) the matched historical earthquake falls well inside the model age range and does not fall into any of the other possible model ages for such events. The anchors chosen are: AD 1212, AD 757, AD 419, and 31 BC. These anchors were inserted into the OxCal model code as calendar ages (C_Date) . We then ran the OxCal model again using the anchors ( Figure 5 , right panel). The code for the OxCal model with anchors is given in the Appendix. Figure 5 Bayesian P_Sequence age-depth models for the top 5 m of the Ein Feshkha gully exposure. Left: OxCal age-depth model using 10 radiocarbon ages (R_Date) . Right: age-depth model using 10 radiocarbon ages (R_Date) and 4 historical earthquake dates used as anchors (C_Date) . 
CONCLUSIONS
The Bayesian statistical method of the OxCal v 4.1 program is used to construct an age-depth model for a set of AMS 14 C ages of organic debris collected from a late Holocene Dead Sea stratigraphic section (the Ein Feshkha Nature Reserve). This paper tests the benefits of constraining the model to prior historical earthquake information, in this case, ages of several prominent historical earthquakes that occurred in the studied area. The anchor-based model provided a tightly constrained age-depth regression. However, the "non-anchored" model as well produces a seismite/historicalearthquake correlation where all of the 68% or 95% age ranges of the seismites can be correlated to historical earthquakes. We prefer the unanchored model, being almost as well constrained as the anchored model, for paleoseismic studies in this section. This preference is in view of complexities involved in correlating seismites (including historical inconsistencies), well dated as they may be, to specific historical earthquakes.
The procedure developed here opens the way for establishing a high-resolution and accurate chronology for paleoearthquake records of the Dead Sea basin, and possibly other locations where prior and independent (paleoseismic) information can be incorporated with the 14 C dating of the sedimentary section.
